INTRODUCTION
Large quantities of radioactive materials were emitted to the environment during the March 2011 Fukushima Dai-ichi Nuclear Power Station (F1NPS) accident (Kinoshita et al., 2011) . Radioactive Cs is one of the most prevalent sources of radioactive pollution and is the most widely studied radionuclides dispersed into the environment as a result of the accident. Radioactive particles, which are named Cs-bearing radioactive particles, were discovered in air dust samples collected from 9 pm on March 14 to 9 am on March 15 as far away as Tsukuba, 170 km south of the F1NPS (Adachi et al., 2013) . Cs concentrations in the particles were sufficiently high for analysis by energy-dispersive X-ray spectrometry (EDS). contaminated zone around the F1NPS from June 2013 to January 2015, at the locations indicated in Fig. 1 and Table 1. To distinguish between emissions from different sources, samples were collected along two transects extending away from the F1NPS. Contamination on the northern sampling line is understood to have been generated by the hydrogen explosion that occurred within Unit 1 on March 12, 2011 (Satou et al., 2015; Chino et al., 2016) . The method used to sample core soil follows Satou et al. (2016) . Surface soils were collected by shovel and dust samples were picked up by hand.
Particle extraction
The radioactive particles were extracted from the soil and dust samples using methods reported in previous studies (Adachi et al., 2013; Satou et al., 2016) . Autoradiography, combined with a phosphorus imaging plate and laser readout system, was used to locate radioactive par- Fig. 1 . Sampling locations. " Satou et al." indicates the location of the fragmented and spherical Cs-bearing particles studied of Satou et al. (2016) . "F1NPS" indicates the center of the Fukushima Dai-ichi Nuclear Power Station. ticles within the samples, with an exposure time of only five min due to the high specific activity of the former. After the sample contents were sorted, radioactive particles were isolated by hand under an optical microscope using a micro-manipulator system. Radioactivity was confirmed using a Geiger-Müller survey meter and subsequent more accurate gamma radiation measurements.
Analysis of radionuclides
Particles were analyzed for gamma-emitting radionuclides using high-resolution gamma spectrometry with a hyper-pure germanium detector. The detector efficiency was calibrated using standard point 134 Cs and 137 Cs gamma sources (<1 mm diameter) from the Japan Radioisotope Association.
Particle observation and analysis
Backscattered electron imaging (BEI) with an SEM and associated EDS instruments (SEM: SU 3500, Hitachi High-Technologies Co., Tokyo, Japan; EDS: X-max 50 mm, Horiba Ltd., Kyoto, Japan) were used to study particle surfaces and analyze their compositions. In cases where Cs gamma emissions were detected but the concentration was below EDS detection limits, SR-m-XRF was performed as a 37.5 keV monochromatic X-ray beam enables detection of Cs K-lines without interference from other elements. The technical procedures followed are as described in Abe et al. (2014) and Ono et al. (2017) .
RESULTS AND DISCUSSION

Radioactivity and morphology
A total of 19 particles were extracted from the soil and dust samples, and all were stable despite exposure to environment for more than four years after the accident. 134 Cs and 137 Cs were detected in all particles. Particle CF-01#01 contained >20 kBq 137 Cs and 300 Bq 125 Sb; both of these are volatile elements released from nuclear fuel (Pontillon and Ducros, 2009) (Fig. 2) . Other radionuclides such as 60 Co and 103 Ru, which were found in hot fuel particles around the Chernobyl Nuclear Power Station (ChNPS), were not detected (Devell et al., 1986) .
BEI images of several representative particles are shown in Fig. 3 . Particles isolated from the northern area (samples CF-01, FT-03, and NM-06) are much larger than those from the western region (FT-13 and NM-14), with maximum dimensions of up to 400 mm. Both spherical and fragmented particles were found at location FT-03, 5 km north of the F1NPS. Similar observations were reported by Satou et al. (2016) . Particles are evidently not sorted by shape during transport and deposition close to the reactors, with various forms being deposited. Figure 4 shows the EDS spectra, obtained by SEM-EDS, of representative particles from the northern area and western region. The compositions of each particle are very similar, primarily silicate, which indicates that unlike in the ChNPS accident, they are not fuel particles (Salbu and Kerkling, 1998) . The elemental compositions of particles from the western region are very similar to Cs-bearing particles found 20 km northwest and 170 km south of the F1NPS (Adachi et al., 2013; Satou et al., 2016) , with Fe and Zn also being detectable from their characteristic X-rays. Particles from the northern area are slightly different, containing Al, Sn, Cl, Fe, and Mg, with Satou et al. (2016) 
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Cs concentrations that were too low for X-ray detection.
SR-m-XRF mapping was applied to determine the distribution of Cs and other heavy elements in individual particles. A representative result is shown in Fig. 5 . Detailed SR-m-XRF results have been published previously (Ono et al., 2017) . Particles from the western region, which are similar to Cs bearing particles, show uniform distribution of Cs and other elements (Satou et al., 2016) . In contrast, SR-m-XRF results of particles from the northern area show an uneven distribution of elements. This result indicates that based on Cs distribution, there are two types of radioactive Cs-bearing particles in the vicinity of the F1NPS site.
Sources of particles
It is possible that the sampling locations were contaminated with radioactive materials from different reactor units. Other studies have shown that the northern and western areas were contaminated by Unit 1 and Units 2 or 3, respectively (Satou et al., 2015; Chino et al., 2016) . The Cs isotopic ratios ( 134 Cs/ 137 Cs), which were decay corrected as of March 11, 2011, form two clearly defined groups of particles, as shown in Fig. 6 : particles in the lower group were extracted from the northern area (samples NM-06, FT-03, and CF-01), while those in the upper group were from the western region (including samples from 20 km northwest; Satou et al., 2016) . The 134 Cs/ 137 Cs ratios of 0.93 and 1.04 (the lower and upper groups, respectively, in Fig. 6 ) that allowed us to distinguish the particles from Unit 1 and Units 2 or 3, respectively, are similar to those obtained using ORIGEN-II performed with JENDL data (Nishihara et al., 2012) .
A particle isolated from sample CF-01 contained 300 Bq of 125 Sb, which indicated that the temperature of nuclear fuel was high enough to produce Sb vapor (Pontillon and Ducros, 2009 ) and that the surrounding environment was hot enough for the Sb to be transported to the place where the particle was formed. One of the characteristics of Unit 1 was the release of radioactive materials from the reactor at a high temperature. Furthermore, as the dispersion of large particles over significant distances requires considerable energy, meaning that such particles detected in the northern area, within 15 km of the F1NPS, would have been released from the F1NPS during the hydrogen explosion in Unit 1 on March 12.
Particles collected in the northern area are thus considered to have originated from Unit 1.
In contrast, the Cs isotopic ratios in particles from the western region are similar to those present in Units 2 and 3 at the time of the accident, although it is not possible to distinguish between these two units as they were very similar (Unit 2, 1.08; Unit 3, 1.05; Nishihara et al., 2012) . A more accurate method to measure radioactive Cs in the particles was required to enable a distinction and distinctly identify the source of particles in the western region.
Based on the results of the present study, two types of Cs-bearing particles, Cs isotopic ratio and minor-element content, are defined on the basis of sampling location: Type A, from samples FT-13 and NM-14, and Type B, from samples CF-01, FT-03, and NM-06. The characteristics of the two types are summarized in Table 2 . Type A particles are similar to the Cs-bearing particles reported in previous studies (Adachi et al., 2013; Satou et al., 2016; Yamaguchi et al., 2016; Furuki et al., 2017) .
Particle-specific activity
Specific activity varies between particles, as the scatterplot of particle volume vs 137 Cs activity shown in Fig. 7 (the volume of fragmented particles was calculated using the equivalent diameter). There is little variation in specific activity for Type A particles, with significant correlation between activity and volume (r 2 = 0.75), simi- Fig. 7 . Scatter-plot of 137 Cs content vs particle volume. The "170 km south" and "20 km northwest" labels indicate particles collected by Adachi et al. (2013) and Satou et al. (2016), respectively. lar to the results of a previous study (Satou et al., 2016) . Type B particles are large in size and have a high Cs activity but at a lower specific activity than Type A particles. Type B particles have significant variability and poor correlation between activity and volume (r 2 = 0.10), which explains why the Cs was not detected in EDS X-rays. Particle-specific activity can thus be used to indicate the possibility of different generation and release processes at F1NPS thus providing an additional means of classifying particles.
CONCLUSION
This study identified two types of radioactive particles, Type A and Type B, which are both composed mainly of silicate but with contain different compositions of other elements and have different 134 Cs/ 137 Cs ratios and specific activities. Type B particles were isolated from the area north of the F1NPS, which was contaminated on March 12, 2011. Their Cs isotopic ratio is consistent with the theoretical ratio of F1NPS Unit 1, which suggests that the particles were emitted on March 12, 2011. This result indicates that radioactive particles were emitted to the environment not only on March 15, but also on March 12. In addition, radioactive particles emitted during the F1NPS accident are markedly different from those released from the ChNPS, and persist in the environment five years after the event.
